Phenotypic expression of different genes controlling resistance to tobacco mosaic virus (TMV) in tomato was analysed in the protoplast system using otherwise isogenic breeding lines. Genes Tm-2 and Tin-22 were not expressed and did not prevent TMV-L, a common tomato strain of TMV, infecting and multiplying. By contrast, homozygous gene Tin-I was able to express its effect in protoplasts as well as in leaf discs; no virus progeny were detected by fluorescent antibody staining or by infectivity assay up to 3 days after inoculation with TMV-L. Protoplasts and leaf discs homozygous for Tin-t, however, became infected with TMV-CH2, a tomato strain able to overcome the effects of Trn-~ in intact plants.
INTRODUCTION
Several genes, recovered from crossings between wild and cultivated species of tomato (Kikuta & Frazier, I947; Frazier & Dennett, ~949; McRitchie & Alexander, ~963) , are known which control the resistance of plants of cultivated tomato to tobacco mosaic virus (TMV; Holmes, ~954, I957; Soost, I963; Cirulli & Alexander, I969) . Tm-I induces tolerance associated with a low level of virus multiplication, whereas Tm-2 and Tin-2 ~ each induce a hypersensitive response to infection with group o isolates of TMV (Pelham, I966, I972) . The effects of Tm-I and Tin-2, however, can be overcome by group ~ and group 2 isolates respectively, whereas group I-2 isolates overcome the effects of Tm-I as we~_t as of Tm-2 (Pelham, I972 ) . Tin-2 ~ appears to be an allele of Tin-2 (Alexander, ~97I) but induces a more extreme hypersensitive reaction (Pelham, I972) , and no isolates have been reported that can overcome the effects of Tin-22.
The use of protoplasts from higher plants has provided valuable information on infection and multiplication of plant viruses (Zaitlin & Beachy, ~974; Takebe, ~975a) , and protoplasts also have advantages for investigating genetically controlled resistance (Takebe, I975b) . in a previous paper (Motoyoshi & Oshima, ~975) we reported that Tm-22 (= Tin-2 a) was not expressed in protoplasts of tomato plants homozygous for this gene. In this paper we describe the behaviour of a variety of TMV strains in protoplasts and leaf discs from plants carrying this and other resistant genes.
One susceptible and four resistant lines of tomato, produced at the Glasshouse Crops Research Institute, Littlehampton, U.K., were used as sources of protoplasts. GCR 26 is a line of 'Craigella', a susceptible variety, carrying no alleles for resistance to TMV. GCR 237, GCR 236, GCR 254 and GCR 267 are also lines of 'Craigella', but differ by having the genotypes Tm-~/Tm-t, Tm-2/Tm-2, Tm-I/Tm-f Tm-z/Tm-2 and Tm-z2/Tm-2 ~, respectively. Tm-2, which GCR 236 and GCR 254 carry, is linked very closely to a recessive gene 'netted-virescent' (nv), which causes stunting and yellowing of leaves when homozygous.
The seeds of these lines were supplied to us by Dr K. Yamakawa, Vegetable and Ornamental Crops Research Station, Tsu, Japan.
Lycopersicon peruvianum P. I. ~2865o which was highly resistant to TMV, and whose resistance appeared to be at least partly due to I963; Alexander, I97r) , was also used as a source of protoplasts in some experiments.
TMV-L, a tomato strain of TMV (Oshima, Goto & Sato, ~964; Oshima, Ohashi & Umekawa, I971 b) was used in every experiment of this study. TMV-CH2 is a strain called CHIBA No. 2 by Oshima (1973) . This strain was isolated from a diseased tomato plant carrying gene Tm-I, and was able to infect plants carrying Tm-I and cause mosaic (Oshima, Ogiwara & Aoki, I97Ia; Oshima, I973) . TMV-L and TMV-CH2 can be classified into group o and group I, respectively, with respect to their interaction patterns with the resistance genes, although in their host-ranges and other properties (Oshima, 1973) both strains resemble strain Ohio IV, which can overcome the effects of Tm-2 and is assigned to group 2 (Pelham, I972) . TMV-OM, a common tobacco strain (Nozu & Okada, I968) was also included in some experiments.
The techniques for preparation, inoculation and culture of protoplasts, and for determination of percentages of infected protoplasts and of infectivities were as described previously (Motoyoshi & Oshima, I975, I976) . Protoplasts isolated from the leaf mesophyll by enzymatic digestion were inoculated with TMV by the direct method. As inoculation buffer, either potassium phosphate (Motoyoshi & Oshima, I975) or tris-HCl (Motoyoshi & Oshima, I976) were used. The final concentrations in the 2o ml inoculation mixture were: protoplasts at I to 3 x ioS/ml, I #g/ml TMV, I #g/ml poly-L-ornithine, and o'7 M-mannitol either in o.oi M-potassium phosphate buffer, pH 6"7, or in o-o5 M-tris-HC1 buffer, pH 8'o. After washing, protoplasts were incubated in lo ml culture medium at 25 °C under continuous illumination from fluorescent lamps.
The percentages of protoplasts infected were estimated by the fluorescent antibody technique. Protoplasts infected with either TMV-L or TMV-CHz were stained with fluorescent antibody to TMV-L (Motoyoshi & Oshima, I975) . Protoplasts infected with TMV-OM were stained with fluorescent antibody prepared from rabbit antiserum to TMV-OM by the method of Otsuki & Takebe 0969).
For virus assay, 8 ml of protoplast suspension was centrifuged; the sedimented protoplasts were resuspended in o-t ml of o.t M-sodium phosphate buffer, pH 7'o, and then homogenized, centrifuged and diluted to a desired concentration with the same buffer. Infectivities were assayed using IO half-leaves of Xanthi-nc tobacco per treatment and comparing the number of lesions formed with that produced by a standard inoculum (o.oI #g/ml) of the same strain of TMV.
The techniques for the experiments with leaf discs were as described by Motoyoshi & Oshima (I975) . Leaf discs were cut from leaflets inoculated with TMV (IOO/~g/ml in o'I M-sodium phosphate buffer, pH 7'o) and were then floated on the culture medium, from 
* Percentages of infected protoplasts sampled at 48 h after inoculation.
GCR 267
were estimated by fluorescent antibody staining of protoplasts which mannitol was omitted. Percentages of TMV-infected mesophyll cells were estimated by fluorescent antibody staining of protoplasts prepared from the inoculated leaf discs at the end of culture period. To examine virus growth, five inoculated leaf discs were homogenized, and the extract centrifuged, diluted and assayed for infectivity.
RESULTS

Effect of genes for resistance on infection of protoplasts with different strains of TMV
When protoplasts infected with TMV are incubated under the defined conditions, virus antigen gradually accumulates in them and eventually reaches the amount detectable by staining with fluorescent antibody to the virus.
Using this technique, the effect of the genes Tin-i, Tin-2 and Tm-2 ~ on infection of protoplasts with TMV-L was examined. Protoplasts of GCR 237 (Tm-I/Tm-I +[+), GCR 236 (+ [ + Tm-2/Tm-2), GCR 254 (Tin-I/Tin-I Tm-2/Tm-2), GCR 267 (+ ] + Tm-22/Tm-22) and GCR 26 (+/+ +]+) were inoculated with TMV-L, incubated for 48 h, and sampled for fluorescent antibody staining. As shown in Expt. I, Table I , virus antigen was found in protoplasts from GCR 26, GCR 236 and GCR 267 but not in those from GCR 237 and GCR 254. This result suggests that gene Tm-I, at least when homozygous, has an inhibitory effect on infection of protoplasts with TMV-L, but Tin-2 and Tin-22 do not.
TMV-OM, a tobacco strain, and TMV-CH2, a tomato strain in group I which can overcome resistance conferred by Tm-r in intact plants, were compared with TMV-L using protoplasts from the GCR lines (Expt. 2 to 4, Table I ). Antigen of all three strains accumulated not only in GCR 26 protoplasts but in GCR 236 protoplasts carrying Tin-a, suggesting that Tm-2 does not inhibit TMV-L or TMV-OM from infecting protoplasts. By contrast, no antigen was detected in GCR 237 and GCR 254 protoplasts, both of which were homozygous for Tin-i, after inoculation either with TMV-L or with TMV-OM. TMV-CH2, however, could readily infect protoplasts whether they had Tm-I or not. These effects were observed using the two different inoculation buffers, o.oi M-potassium phosphate, pH 6"7, and o'o5 M-tris-HCl, pH 8-o. Tm-I /Tm-I * Protoplasts were inoculated with TMV at I #g/ml together with poly-g-ornithine at I #g/ml in 0"05 M-tris-HC1 buffer, pH 8.o. The inoculated protoplasts were suspended in culture medium at a concentration of z.o x ioS/ml, and incubated at 25 °C under continuous illumination.
t Protoplasts were collected from 8 ml culture suspension by centrifuging, homogenized in I ml of o-I M-sodium phosphate buffer, pH 7'o, and diluted for assay with the same buffer.
Total number of lesions produced in IO half-leaves of Xanthi-nc tobacco inoculated with the diluted extract of protoplasts.
§ Defined as : Total number of lesions x dilution factor Total number of lesions with standard suspension of TMV at o.ot #g/ml
Effect of gene Tm-I on growth of TMV in protoplasts and in leaf discs
The inhibitory effect of gene Tm-I on growth of TMV in protoplasts and leaf discs was examined. The results with protoplasts are shown in Table 2 . When protoplasts carrying homozygous Tm-I (GCR 237 ) were inoculated with TMV-L, no protoplasts became stainable by fluorescent antibody and there was no evidence of synthesis of infective particles. The little infectivity found in earlier samples was probably inoculum virus. By contrast, when protoplasts from GCR 26 were inoculated with TMV-L or those from GCR 237 with TMV-CH2, infectivity increased along with increase of fluorescing protoplasts. These results suggest that gene Tm-I prevents TMV-L but not TMV-CH2 from producing infective particles in the protoplasts. Table 3 shows the effect of the gene Tm-I on growth of different strains of TMV in leaf discs. The percentages of mesophyll cells infected were estimated from the proportions of fluorescing protoplasts isolated from the inoculated leaf discs at the end of culture and which were stained by fluorescent antibody. Again, no fluorescence was detected in the protoplasts from the leaf discs carrying homozygous Tm-I (GCR 237) and inoculated with TMV-L, and infectivities in these leaf discs were very low showing no sign of increase by 92 h. Thus TMV-L did not seem to grow in these leaf discs. In the other combinations of host and virus strain, however, increase of infectivity was found along with increase in percentage of infected mesophyll cells. These results are compatible with those obtained using protoplasts ( * Leaf discs (7 mm in diam.) were prepared from leaflets inoculated with TMV at a concentration of ioo/~g/ml in o.I M-potassium phosphate buffer, pH 7"0, and incubated in culture medium under the same conditions as used for incubation of protoplasts. "~ As scored by fluorescent antibody staining of protoplasts from leaf mesophyll cells of inoculated leaf discs.
:~ Total number of lesions in IO half-leaves of Xanthi-nc tobacco inoculated with homogenate of 5 leaf discs in 5oo ml of o-1 M-potassium phosphate buffer, pH 7"o.
§ Total number of lesions produced by homogenate of leaf discs divided by total number of lesions produced by standard suspension of TMV-L at o-oI #g/ml. 
Effect of gene Tm-2 on growth of TMV in protoplasts
Gene Tm-2 is closely linked with gene nv (' netted-virescent') which causes stunting and yellowing of leaves when homozygous. Protoplasts from these leaves contained pale green chloroplasts. Few experiments were successful because of poor yield and instability of the protoplasts. One successful experiment showed that TMV-L can grow in protoplasts from GCR 236 (Tm-z/Tm-2) - * Protoplasts were inoculated with TMV-L at I #g/ml together with poly-L-ornithine at I #g/ml in o-oI M-potassium phosphate buffer, pH 6"7. The inoculated protoplasts were suspended in culture medium at a concentration of 2.o x ioS/ml and incubated at 25 °C under continuous illumination. t, :~, § See footnotes to Table z. yield of virus was perhaps not due to Tm-2, but to nv limiting the photosynthetic capacity of protoplasts during the culture period. Thus gene Tin-2 seems to be unable to express its effect in isolated protoplasts.
Infection of protoplasts from Lycopersicon peruvianum with TMV
If the technique established for studying tomato protoplasts could be applied to wild species related to cultivated tomato, it would be useful for surveying those species in order to detect any genetically controlled resistance expressible in isolated protoplasts.
We isolated protoplasts from leaf mesophyll of Lycopersicon peruvianum P. I. I2865o, TMV resistance of which was considered to be at least partly due to gene Tm-22 (Alexander, I97I) , and then inoculated them with TMV-L. As described above, as well as in a previous paper (Motoyoshi & Oshima, I975) , Tm-22 has no inhibitory effect on TMV infection, nor on its growth in protop!asts, but if there were any other factor expressible in protoplasts and preventing TMV infection, it should be detected by the protoplast technique. Protoplasts were prepared from the leaf mesophyll of this wild species by the usual method (Motoyoshi & Oshima, 1975) . As shown in Table 5 , virus antigen accumulated in TMVinoculated protoplasts of the wild species, and the increase of infectivity almost paralleled that in the TMV-inoculated protoplasts of GCR 26. This result suggests that this L. peruvianum accession has no resistance factors expressible in isolated protoplasts and preventing TMV infection and growth.
DISCUSSION
In our previous paper (Motoyoshi & Oshima, ~975) we reported that the presence of gene Tin-22 (= Tm-2 ~) did not influence TMV infection of leaf mesophyll protoplasts of tomato, although the gene enables plants or excised leaf discs to have a high level of resistance to TMV. Gene Tm-2 appeared here to behave like Tm-2 ~, because TMV-L readily infected protoplasts isolated from the plants carrying homozygous Tm-2. The effects of Tm-2 and Tm-22 are comparable to that of gene N of tobacco. Gene N causes necrotic local lesions which confine TMV to inoculated leaves but, according to Otsuki, Shimomura & Takebe 0972), it induces no necrosis in TMV-inoculated protoplasts and does not inhibit growth of the virus. The resistances controlled by Trn-2 and by Tm-22 were reported to be associated with hypersensitive reactions to TMV, inducing necrosis in inoculated leaves or in other parts of the plants (Pelham, I966, I972; Cirulli & Alexander, ~969) . Perhaps these genes of tomato and tobacco that control hypersensitive reactions are of a sort that require cell-to-cell connection and interaction to express the phenotypic effect.
In our studies, Tm-I is the only example of a gene able to express its phenotypic effect in isolated protoplasts. In intact plants, the nature of the resistance controlled by Tm-I was reported to be a form of tolerance which permitted limited growth of the common TMV strain, but sometimes selected self-invasive new strains (Dawson, 1965 (Dawson, , 1967 Wilkinson, I969; Zitter & Murakishi, 1969; Pelham, Fletcher & Hawkins, 197o; Oshima et al. 1971a) . In this study, the resistance conferred by homozygous Tin-1 was so strongly expressed in protoplasts and in leaf discs inoculated with TMV-L, that no accumulation of virus antigen or increase of infectivity was found. TMV-CH2 is one of the strains isolated from plants carrying Tm-1, showing severe mosaic symptoms (Oshima et al. 1971 a) , and identified as a tomato strain from its biological properties (Oshima et al. I971 a; Oshima, I973) . Thus, it is a specific virulent strain which was presumably selected by the pressure of the resistance to common tomato strains of TMV. This strain can thus be assigned to group I in the classification system of Pelham (1972) . As expected, gene Tm-I permitted this strain to infect and grow in protoplasts as well as leaf discs. This result suggests that the resistance conferred by Tm-I does not require connection or interaction to be expressed. Pelham (1972) reported that Tm-I was dominant or incompletely dominant for preventing symptom development but was recessive or intermediate for limiting virus multiplication of the common strain (group o). In our preliminary experiments, heterozygous Tin-1 appeared to prevent infection of protoplasts with TMV-L (group o; F. Motoyoshi & N. Oshima, unpublished data) . Further examination of the dominance of Tm-I is under way.
It is important to establish the stage at which gene Tm-I blocks the growth of TMV. It is known only that infective particles do not accumulate in isolated protoplasts carrying Tm-I, and earlier stages of multiplication, such as virus entry into protoplasts, uncoating of virus particles, and synthesis of virus RNA and protein, remain to be investigated.
rt has been demonstrated that BMV V5, a variant of brome mosaic virus, can infect intact leaves and isolated protoplasts of'White Burley' tobacco, whereas the type strain of BMV cannot (Motoyoshi, Bancroft & Watts, 1974) . This strain-host relationship between BMV and tobacco apparently resembles the relationship of TMV-L and TMV-CH2 to tomato carrying Tm-I, although in this instance one host gene is critical for the effects to be expressed. These examples indicate that protoplast systems would be especially useful for studying strain-host relationships. The TMV-Tm-1 system is one of the most suitable for investigation. In turn, detection of this kind of resistance may need the protoplast technique. A first attempt in this direction, however, showed that L. peruvianum P. I. 128650, which has a high level of resistance to TMV at least partly due to gene Tm-22 (Alexander, 1970 , did not possess TMV resistance factors and expressable in isolated protoplasts. This work was supported by a project grant from the Ministry of Agriculture and Forestry of Japan.
